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Ajdlp sequehoe tokwfrig S«r*°" oocus 
IhBdom^orAriiptfiaitfxws hcow togywahhDE 
To delate the oomplets STBZ3 aequenoe and 
craatethQna23A:;ljm3 nutation, po^fnerase chain 
reaito (PCR) priftm (5'-TCGQAAQA0CTCAT- 
TCTTa^TCATTTTGATATTCCTC- TGTAGAT7G- 
TACTGAGAGTGCAC-3': wxJ 5'-GCTACMACAQC- 

gtcgacttgaatgccccgacatcttoqactgt- 

GCGGTATTTCACAOOG^O were used to ampWy 
th0 (JR43 soqusnoB of pRS3l6. and the teatiOon 
product was transtormed Into yeast tor on»-step gene 
icpboemBi < |R Rolhstein, Methods BBymoL 104. 
261 (1991I)Toor83t0lh»«)tfIA:.'LfU?rTUattanaw 
tained on p114. a 5JCH<t} Set I fragment from pA^CI 
was doned Into pUCl9. end «^ \nten>at 4IM<b Hpa 
l^»io I frsgmenl was leplaoed vwiOi a L£U? ftagmvA. 
To construct the PB2!i\'iEU2 aRete (a deletian cor- 
lespondr^ to 931 arnirio acids) carried on p153. e 
LHJ2 Ir^mert was isad to repiaco the 2.8-W) Pmt 
I-Ed136 1 fragrnent c* S7E23, which 00CU3 withn i 
6^-»<b Hhd «-Bg^ B oenartc fraemem ceniod on 
pSP72 (Piomeg^ To oeaie YEpMR^f. a 1.6-kb 
Bam HI Iragment oonlaining MFA 1, *cm pKKl6 pc 
Kucrter. R. E. Steme. J. Thomer. EMBO JL 8, 3973 
CISa^.wssfigaledintotheBamHI siteofVEp35l p. 
e. HI. A. M. Myers. T.J. Koemer. A Tiagolofl. Maaif 
Z 16309663}. 

24. J. Cham and L Herstowttz, CeO 65. 1203 (1991). 

25. B. W. Matthews, Axi Chem. Aes. 21. 333 (1986). 

26. K. KucWer, H. a Dortmaa J. Thomer; J. Cei StoC 
120. 1203 (1993); a Koing and C P. HoOenbefB. 
EMBO J. 13, 3281 (1994); C. Bert<ower. D. tjoayza, 
S. Mc»iaefo.A4cASioLCar6. 1lB5n994X 
A. Bender end J. R. Prvigto. Proc^ AcatS. ScL , 
U.SA 86. 9976 (1989); J. Chant, K. Corrado. J. R. 
Pringte, L Herskowitz. Cat 65. 1213 (1991): S. 
Powers. E. Gonzales. T. Christensaa J. OJOon, D. 
Broek. Bjki,, p. 1225; K O. Park. J. Chant. I. Her- 
stowttz. NaWTB 365. 269 (1993); J- Chant. TmntSs 

Genet 1 0, 328 (1994); and J. R Prtngle. J. 

CO! Biol, 126. 751 (1995); 1 C^ant. M. Mtschke, E. 
MltcheO. L HiBfskowltz. J. a Prtngle. bid,, p. 767. 

. a F. Spfague J^.. Methods. EraymoL 194. 77 
(1991). 

, Singl»-4etter atibrwi a tion s tor the anino acid rasf- 
due3area3foflaw3:A,Ala:C.Cys: O. Aap; E. Gkr, F, 
Phe: & G)y: H. His: l.ae:K,Ly8; L. Leu: M.Met; N. 
Asn; P. fto; 0. Gh; R. Arg; S, Ser; T. Ttv; V, Va; W, 
Ttp: and Y, Tyr. 
30. A W303 1A dvivBtrve. SY2625 (fMTm traS-r 4ajE?-a 
/ J2 fipl- f aob?- J caoJ.JOOssf ; A tr^sZ^-nJSU iacZ 
/i^A::aj(Sf-/iS3). was ttieperenl strain tor the mutant 
search. SY2625 dmtwes far the rnating assays, ae- 
aeted pheromone assays, and the pUbe-ctase eagjff. 
iments hdUded f» t*>«*r« strains: Y4S («a22-J). 
Y115 {fnft7A:.lHX2J. Y142 ifijiU^JWi, Y173 
t?mt:dBJ2^ Y220 t^VJJW stB23A.:tJRAai. V221 
(st623A:.-URA3). Y231 ipxll^-dJEUZ ste23mBJZi, 
and Y233 {Ste23^-±BJ^ MATa derivatives of 
SY2625 hduded the following strains: Y199 
(SY2625 made AMroJ, Y278 tt(e22-0. Yl95 
(mftlAilfl/a. Y196 (BJrfIA:.i£U2J. and Yig7 
(u/;.'.-URA3). The EG123 (M4ra Ieu2 u-a3 opi canl 
/ir^ genetic background was used to create a set of 
strains tor miysts of txjd site setection. EG123 de- 
ftratlves- included the folowinQ strains: Y175 
(axflA.7L£U2). Y223 (u^y.-.-UM). Y234 tnA23A:: 
LBJ2^ and Y272 ^W:LBJ2 ste23t::LEU2i, 
MATa dertvatives of EG123 hduded the tolowing 
strains: Y214 (GG123 made MATa] and Y293 
ifiJilterLEUS). AS strains were generated bjf means 
d standtard genetic or mdeoiar methods Involving 
the appTDprtate constructs (29). mparticutar. the axf} 
£te23 double mutant strains were oaeied by cross- 
ing of ttw apfyoprfate A44Ta Sfa2? and MATa axf J 
mutants, foUowed by sponjtation the resuftant dip- 
loid and isolation of the doutjle mutant from nonpe- 
rental d-type tetrads, (aene dsnjptkxis were con- 
firmed with either PCR or Southern (DMA) analysis. 
31. p129 is a YEp352 p. E HI. A. M. Myers. T. J. Ko- 
emo-. A. Tzagdoff. Yeast Z 163 (lS66g] piasmid oor>- 
tainirig8 5.54(bSsllfragrr«ntafp^r.pt51 was 
derived from pi 29 by insenion of 8 inker at the Bgl I 
sfte vvilhti AXL f . wrtch led 10 an ir>-»amB inaertion of 
the hernaggiutlnin (HA) ephope (DOlTPVtMW 
between arT*io adds 854 and 855 of the AXL I prod- 



id pC225 b a KS-i- (Stratagene) plasmid ccnta ning 
a <iS4(b Bam l«st I fragrrwt fron pVO. J. Substi- 
tution nruations of thfi proposed active ate of A)dlp 
wcr BOeatad wHhtheuseofpC225gKlrta-8pecac 
ni4agenesis nvolving appropfiate synthetic oigonu- 
cieotidBS isxfUHeaA, 5'-G7GCTCACAAAQCGCT. 
GCCAAAOCGGC-3': ajai-ETlA, S'-AAGAATCAT- 
GTGCGCACAAAGGTGCGG^'; vid a«fJ-£7T0. 5'- 
AAGAATCATGTGiATCACAAAG(3TC0GO31. The 
mutations were confnned by sequence ana^. A^ 
ter nxitagenesis. the 0.4-kb Bam w-Msc I fragment 
from the mjtagenteed pC225 ptasmids was trans- 
ferred ir«o pA>a. 7 to aeate a set of pRS3l 6 ptasmids 
carrying different afldes. p124 (arfJ-HSMX 

pl30 ifixn-ETlA), and pi32 (^1-^710^. Simlaty, a 
M« of HA-taggod aletoe carried on YEp352 w« oe- 
Bted after replacement of the p151 Bm Hl-Msc I 
^. to generate pi 61 iarf/-£77A), pl62 (axfl. 
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Quantitative Monitoring of Gene Expression 
Patterns with a Complementary DNA Microarray 

Mark Schena,* Dari Shalon,*t Ronald W. Davis, 
Patrick O. Brown* 

A high-capacity system was developed to monitor the expression of many genes In 
parallel. Microarrays prepared t>y high-speed robotic printing of complementary DNAs on 
glass were used for quantitative expression measurements of the corresponding genes. 
Because of the small format and high density of the arrays, hyt>ridlzatk>n volumes of 2 
microliters could be used that enabled detection of rare transcripts In probe mixtures 
derived from 2 micrograms of total cellular messenger RNA. Differential expression 
measurements of 45 Arabidopsis genes were made by means of simultaneous two-color 
fluorescence hybridization. 
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The temporal, developmental, topographi- 
cal, histological, and physiological paacms 
in which a gene is expressed provide clues to 
its biological role. The laige and expanding 
database of complcnwntary DNA (cDNA) 
sequences from many organisms (J) presents 
the opportunity of derining these patterns at 
tht level of the whole genome. 

For these studies, we used the small flow- 
ering plant Arabidopsis ihaluma as a model 
organism. Arofcido^ais possesses many ad- 
vantages for gene expression analysis, in- 
cluding the fact that it has the smallest 
genome of an>^ higher eukaryote examined 
to date (2). Forty-five cloned Arabidopsis 
cDNAs (Table 1), including 14 complete 
sequences arul 31 expressed sequence tags 
(ESTs), were used as gene-specific targets. 
We obuined the ESTs by selecting cDNA 
clones at random from an Arabidopsis 
cDNA library. Sequence analysis revealed 
that 28 of the 31 ESTs matched sequences 
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in the database (Table I). Three additional 
cDNAs from other organisms served as con- 
trols in the experiments. 

The 48 cDNAs. averaging -1.0 kb. 
were amplified with the polymerase chain 
reaction (PCR) and deposited into indi- 
vidual wells of a 96-wcll microtiter plate. 
Each sample was duplicated in two adja- 
cent wells to allow the reproducibility of 
the arraying and hybridization process to 
be tested. Samples from the microtiter 
plate were printed onto glass microscope 
slides in an area measuring 3.5 mm by 5.5 
mm with the use of a high-speed arraying 
machine (3). The arrays were processed by 
chemical and heat treatment to attach the 
DNA sequences to the glass surface and 
denature them (3). Three arrays, primed 
in a single lot, were used for the experi- 
ments here. A single microtiter plate of 
PCR products provides sufficient ixkaterial 
to print at least 500 arrays. 

Ruorescent probes were prepared from 
total AroiwJopjij mKNA (4) by a single 
round of reverse transcription (5). The Ara- 
bidopsis mRNA was supplemented with hu- 
man acetylcholine receptor (ACMl) mRNA 
at a dilution of 1 : 10,CXX) (w/w) before cDNA 
synthesis, to provide an internal standard for 
calibration (5). The resulting fluorescencly 
labeled cDNA mixture was hybridized to an 
array at high stringency (6) and scanned 

467 



A 



with a laser (3). A high-sensidvity scan gave 
signab chat saturated the detector at nearly 
all of the ArabtJppiu target sites (Fig. lA). 
Calibration relative to die AChR cnRNA 
standard (Fig. lA) established a sensitivity 
limit of 1 : 50,(XX). No detectable hybridiza- 
tion was observed to either the rat glucocor- 
ticoid receptor (Fig. lA) or the yeast TRP4 
(Fig. lA) targets even at the highest scan- 
ning sensitivity. A moderate-sensitivity scan 



of the same array allowed linear deicaion of 
the more aburulant transcripts (Fig. IB). 
Quantitation of both scans revealed a range 
of expression leveb spanning three orders of 
magninide for the 45 genes tested (Table 2). 
RNA blots (7) for several genes (Fig. 2) 
corroborated the expression levels measured 
with die microarray to within a fector of 5 
(Table 2). 

Differential gene expressiori was investi- 




ng.!. Gene expression monttorad wtth lf»e use o* cD^4A rrto^^ 

PBoxlocolorcofrespofxJtohybndiiationlritensi^ 

wim the use of known concarrtratioris of hurnan AChR mR^ 

letters onthe axes mark the posmondeachcl>JA (A) Wgh-seris^ 

with fluoresceirvlabeled cDNA derived from wiW-type plants. (B) Same arrBy as m (A) but scanned at 
nrKKJerate sensftMty. (C and 0) A singiB array vy«s prot>ed wim 

from wfld-type plants and tissamhe^abeted cDNA from HAT4.trans9enic pianis. The single array was 
then scanned successively to deted the Buofosceh fkx)rescenc© correspcn^ 
ptams(q and the fissamfne fluorescence oorresponrfing to mRNA from HAT4-tr^^ (E 
and F) A single array was probed wfth a 1:1 nrocture of fiuorescefrvlabeled cDNA from root tissue and 
Sssamine-bbeled cONA from leaf tissue. The single array was then scanned successively to delect the 
fluorescein fkxyescence corresponcSng to mRNAs expressed m roots (E) and the lissamine ftuorescence 
corTespondtr>g to mRNAs expressed in leaves (F). 



gated with a simultaneous, twtxobr hy- 
bridisation scheme, which served to miiU- 
mize experimental variation inherent in the 
comparison of independent hybrtdizationi. 
Fluorescent probes were prepared from two 
niRNA sources with the use of teverse tran- 
scriptase in the presence of fluorescein- and 
lissaminc-labeled nucleotide analogs, re- 
specrivcly (5). The two probes were then 
mixed together in equal proportions, hy- . 
bridiied to a single array, and scanned sep- 
arately for fluorescein and lissamine emis- 
sion after indepeitdent excitation of the two 
fluorophores (3). 

To test whether ovcrexpression of a sin- 
gle gene could be detected in a pool of total 
Arobidopsis mRNA, we used a microarray to 
analyze a trarugenic line overcxpTessii\g the 
single transcription factor HAT4 (8). Fluo- 
rescent probes representing mRNA from 
wild-type and HAT4-transgenic plants were 
labeled with fluorescein and lissamine, re- 
specrivcly; the two probes were then mixed 
and hybridized to a single array. An intense 
hybridization sigrtal was observed at the 
position of die HAT4 cDNA in the lissa- 
mine-specific scan (Fig. ID), but not in the 
fluorescein-specific scan of the same array 
(Fig. IC). Calibration with AOiR mRNA 
added to the fluorescein and lissamine 
cDNA synthesis reactions at dilutions of 
1:10,000 (Fig. IC) and 1:100 (Fig. ID), 
respectively, revealed a 50-fold elevation of 
HAT4 mR>JA in the transgenic line rela- 
tive to its abundance in wild-type plants 
(Table 2). This magnitude of HAT4 over- 
expression matched that inferred from the 
Northern (RNA) analysis within a factor of 
2 (Fig. 2 and Table 2). Expression of all the 
other genes monitored on the array dififered 
by less than a factor of 5 between HAT4- 
transgenic and wild-cype plants (Fig X, C 



wildly^ 



CAB! 



ROC1 




1.0 0.1 0.01 1.0 ai 0.01 

mRNA dig) 



Human 
AChR 



20 2.0 0.2 
mRNA<nfl} 

Rg. 2. Gene expression monitored with RNA 
(Norihem) blot analysis. Oesigriated amounts of 
mRNA from wiid-type and HATa-transgenic 
plants were spotted onto nylon membrar^s and 
probed wfth the cONAs indicated. PurtTied human 
AChR mRNA was used hx cafibration. ■ 
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and D, and Table 2). Hybridization of flu- 
orescein-labcled glucocorticoid receptor 
cDNA (Fig. IC) and lissamine-bbcled 
TRP4 cDNA (Fig. ID) verified the pres. 
ence of the negative control targcD and the 
lack of optical cross talk between the two 
fluoTOphores. 

To expbre a more complex alteration in 
expression patterns, we performed a second 
two-color hybridization experiment with 
fluorescein- and lissamine-labeled prtibes 
prepared from root and leaf mRNA, respec- 
tively. The scanning sensitivities for the 
two fluorophores were nortnalized by 
matching the signals resulting from AChR 



mRNA, which was added to both cDNA 
synthesis rcaaions at a dilution of 1: 1000 
(Fig. 1 , E and F). A comparison of the scar« 
revealed widespread differences in gene ex- 
pression between root and leaf tissue (Fig. J, 
E and F). The mRNA hom the lighi-rcgu- 
lated CABi gene was -500-fold more abun- 
dant in leaf (Fig. IF) than in root tissue 
(Fig. IE). The expression of 26 other genes 
differed between root and leaf tissue by 
more than a factor of 5 (Rg. 1. E and F). 

The HAT^-transgenic line wc cxamiried 
has elongated hypocotyls, early flowering, 
poor germination, and altered pigmentation 
(5). Although changes in expression were 



Tabtel. Sec^wnces contain 

function.arxjtheaocesskxinumberoteachcC»4AinthernkTO^ l)SlSrttf!le^ 

in tNs study matched a sequence in the database. fWHreduSl W 

dinucteotkie; ATPase. ad^iosine trtphosphata^.SUS^lX^ ncoUnarr^de adenne 



Position 


CONA 


81.2 


AChR 


as, 4 


EST3 


aS.6 


ESTB 


a7.6 


AACI 


a9, 10 


ESn2 


a11, 12 


EST13 


bn2 


CABt 


b3.4 


EST17 


b5.6 


GA4 


b7,8 


ESTig 


b9, 10 


GBF-1 


b11.12 


EST23 


cl.2 


ESTZ9 


c3,4 




c5.5 


EST34 


c7.8 


EST35 


C9.10 


EST41 


cll.12 


rGR 


d1,2 


EST42 


d3.4 


EST45 


d5.6 


HAT1 


d7,8 


EST46 


d9, 10 


EST49 


dll.i2 


HAT2 


el. 2 


HAT4 


e3.4 


EST50 


e5.6 


HATS 


e7.6 


EST51 


e9. 10 


HATZ2 


ell. 12 


ESTS2 


f1.2 


EST59 


13.4 


KNAT1 


f5,6 


^60 


f7.8 


EST69 


t9. 10 


PPH1 


111.12 


EST70 




EST75 


g3.4 


EST78 


95.6 


ROCI 


g7.8 


EST82 


g9. 10 


ESTB3 


gn. 12 


EST84 


hi. 2 


EST91 


h3,4 


Esrge 


h5,6 


SARI 


h7,8 


EST100 


h9. 10 


EST103 


h11.12 


77?P^ 



Function 



Accession 
number 



Human AChR 
Acth 

NADH dehydrogenase 

Actini 

Unkrxwn 

Actin 

Chtorophytta/bbind^ 
P*>osphog]ycerate kinase 
GbbereDic add biosynthesis 
Urtnown 

G*box binding factor 1 
Bongation factor 
Aldolase 

G*box binding factor 2 
Chloroplast protease 
Unkrxswn 
Cataiase 

Rat gboocorticoid receptor 

Unknown 

ATPase 

Homeobox-teucine zipper 1 
Ught harvesting complex 
Unknown 

Homeobox-leucine zipper 2 
Homeobox-ieuctrw zipper 4 
Phosphoribuiokinase 
Homeobox-teucine zpper 5 
unknown 

Homeobox-teudne zipper 22 
Oxygen evolving 
Unknown 

Knorred-Ike homeobox 1 
RuBisCO small subunrt 
Transtelion etongaticxi factor 
Protein phosphatase 1 
Unknown 

Chloroplast protease 

Unknown 

CyctophfSn 

OTP binding 

Unknown 

Unknown 

Unknown 

Unknown 

Synaptobrevin 

Light harvesting complex 

Light han^sting complex 

Yeast tryptophan bkisynthesis 



H36236 

227010 

r4200l6 

U36594t 

T45783 

M85150 

T44490 

L37126 

U3B59St 

X63694 

'X52256 

T04477 

X63895 

R87034 

T14152 

T22720 

M14053 

U36596t 

J04185 

U09332 

TD4063 

t76267 

U09335 

M90394 

T04344 

M90416 

233675 

U09336 

T21749 

234607 

U14174 

XI 4564 

T42799 

U34803 

T44621 

T43698 

R65481 

LI 4844 

X59152 

233795 

T45278 . 

T13832 

R54816 

Mg04ie 

218205 

X03909 

X04273 



observed for HAT4, laige changes in ex- 
pression were not observed for any of the 
other 44 genes we examined. Thia was 
somewhat surprising, patticulariy because 
comparative analysis of leaf and root tissue 
idcntifted 27 differentially expressed genes. 
Aiulysis of an expanded set of genes may be 
required to identify genes whose expression 
changes upon HAT4 ovcrcxpression; alter- 
natively, a comparison of mRNA popula- 
tions from specific tissues of wild-type and 
HAT4-transgcnic plants may allow identi- 
fication of downstream genes. 

At the current density of rchotk: printing, 
it is feasible to scale up rfie febrication pn> 
cess to produce arrays containix>g 20,000 
cDNA targets. At rfiis density, a single array 
would be sufficient to provide gerw^pedfic 
targets encompassing nearly the entire rep- 
ertoire of expressed genes in the Antidopsis 
genome (2). The availability of 20.274 ESTs 
from ATabido;»if (J. 9) would provide a rich 
source of templates for such snidies. 

The estimated 100^ genes in the hu- 
man genome (iO) exceeds the number of 
Arahidopsis genes by a fectorof 5 (2). This 
modest increase in complexity suggests that 
similar cDNA microarrays, prepared from 
the rapidly growing repertoire of human 
ESTs (]), could be used to determir« rht 
expression patterns of tens of thousands of 
human genes in diverse cell types. Coupling 
an amplification strategy to the reverse 
trariscription reaction (il) could make it 
feasible to monitor expression even in 
minute tissue samples. A wide variety of 
acute and chronic physiological and padio- 
logical conditions might lead to character- 
istic changes in the patterns of gene expres- 
sion in peripheral blood cells or other easily 
sampled tissues. In concert with cDNA mi- 
croarrays for monitoring complex expres- 
sion patten«, these tissues mi^t therefore 
serve as sensitive in vivosensocs for clinical 
diagnosis. M icroarrays of cDN As could thus 
provide a useful link between human gene 
sequences arid clinical medicine. 

Table 2. Gene expression monitoring by frtcroar- 
ray and RNA blot analyses; tg. HAr4-transgertc 
See Table 1 for additional gene Wormatioa Ex- 
pressiontevets (w/vv) were cafibrated with the use 
ol known amounts of human AOfl mRNA. Values 
for the mrcfDarray were detemiined from microar- 
ray scans (Fig. l); values for the RNA blot were 
determined from RNA Wots (Fig. 2). 



Gerte 



Expression level (wAv) 



•Proprietaor sequence ol Slratagene M Jote. CalilomiaJ. tNo match h the database: no«l EST." 



CAW 
CABJ (tg) 
HAT4 
HAT4 (tg) 
ROCI 
ftOC7 (tg) 



MicroarrBy 


RNA blot 


1:48 


1:83 


1:120 


1:150 


1:S3CX) 


1:6300 


1:150 


1:210 


1:1200 


1:1800 


V^60 


1:1300 
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fluorescent scanner that contained a compLitar'^orv* 
trded XY stage and a micnaoope objective. Amixed 
gas. mUtOne iaser alowBd sequential vccttatlon of 
the two Huorophora s . Emitted ight was spat accofd- 
^ to vraveienoth and detected with two photomul- 
qpeer tubes. Signals were read into a PC with the use 
of a 12-bit analog-to-digttai board. AdditlonBl dat^ 
of mioDenray tabrtcation and use may be obtained by 
means of e-mal (pbrowneongm. stamonLedL). 

4. F.M.AuGUbele(sL.Eds..Cur7VirAro(oco(sr)Mo- 
iecUsr fijofctgy (Greene & Wiley tnterscience. New 
Yortt, 1994). pp. 43.1-4.3.4. 

5. Polyadeny)ated[poly(A)^JmRNA was prepared from 
total RNA the use of OSgotexKn' resin (Oia^. 
Reverse trenscription (RT ) reactiora were earned out 
wtth a StrataSortpt RT-PCR kit (Stratagene) modtfied 
as lolowa: S0-|J reactiorts contained Oil tug/iii of 
Arabidbpsei mRNA, 0.1 ng/pj of human AChR 
mRNA. Oj05 Mf^i of oligofdT) {21-mar), IX fiat 
strand buffer. 0.03 VfttS cA ribonudeese biodt, 500 
mM daaxyadenosine triphafiphaie (dATPX 500 tiM 
deoxyguanosine ti tph os pfi a te. 500 »iM dTTP, 40 

deoxycytosina friphosphate (dCTF^, 40 |JM flu- 
orBsceirKl2-dCTP (or lssamne-5-dCTF^ and a03 
U»U of StrataScript revoTGe transcriptase. Reactions 
woe incubated lor 60 min 8t 37*C, pradpitated with 
ethanot, andrasuspended in 10 tJ oTTE (lOmMtrfa- 
HCl and 1 mM ECTTA. pH ejca. SamplBS were (hen 
heated tor 3 rrin et 94 "C 9id cNled onlca. The RNA 
was degraded by eddng 025 fJ o(10 N NaOH 
folowed by a iD-mh incut»tion at 37*C. The sam- 
ples were neutraiZBd by addilion of 2.5 )J of l M 
tris-a (pH 8.0) and 0.25 |iJ of 10 N HQ and prec^ 
itated with ethanoL PeBets ware washed with 70% 
ethanol, dried to compleCion in a speedvac, rasus- 
pended in 10 |jj of H^, and reduced to 3.0 ^ In a 
9)eedvBC. 'BtX)re5Canl nucleotide analogs were ot>- 
tained from New England Nuclear (DuPont). 

6. HybricfizationreacUcxis contained 1.0»U of luorescant 
cOfsM synthesis product (5) and lJOMlorrvt3ridtmtlon 
buffer MOx eaire sodum citrats (SSC) and 0^ 
SOS). The 2XH^ probe rhbctures were aiquotad onto 
the rncroenay surface and covered wth cover stips 
(12 rrvn roui4. Arrays were transferred to a hybrid- 
tzation charrber (3) and hcubeted tor 18 hours at 
65'C. Arrays were washed tor 5 rrin al room tamper- 
atue (25*Q h low-stringency wash buffer (lx SSC 
and 0.1 % SOS), then for 1 0 mil at room temperature 
in Niofhstringency wash butter (0.ix SSC end 0.1% 
SOS). Arrays were scanned h a 1 X SSC wim the use 
of a fluorescence laser-scanr^ d»Ka (3). 

7. Samples 01 paly(A)* mRNA K 5) were spotted onto 
nylon membranes (Nytrari) and cmsefinkod with ti- 
travtolBt ight with the use of a Slratainker 18CX) 
(Stratagene). Probes were prepared by random 
priming with the use of a Prime-fi II kH (Stratagene) in 
the presence of P'PfdATP.Hybridzaliortsvwre car- 
ried out according to the instruct crtf of the manu- 
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12. The laser flixvescBm scanner was designed vdtabrt- 
catad n oolaboration wfth a Smith of StoAvd IMw- 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA" Immunodeficient Patients 

Claudio Bor<dignon,* Luigi D. Notarangelo, Nadia Nobili, 
Giuliana Ferrari, Giulia Casorati. Paola Panina, Evelina Mazzolari. 
Daniela Maggioni, Claudia Rossi, Paolo Servida, 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results In severe combined Immunodeficiency, 
the first genetic disorder treated by gene therapy. Two different retroviral vectors were 
used to transfer ex vivo the human ADA minlgene into bone marrow cells and peripheral 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy. After 2 years of treatment, long-temi survival of T and B lymphocytes. manx)w cells, 
and granulocytes expressing the transfen-ed ADA gene was demonstrated and resulted 
In norrnalization of the immune repertoire and restoration of cellular and humoral Immunity. 
After discontinuation of treatment. T lymphocytes, derived from transduced peripheral 
blood lymphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results indicate successful gene transfer into long-lasting progenitor cells, 
producing a functional multiltneage progeny. 



Severe combined immunodeficiency asso- 
eiaccd widi inherited deficiency of ADA 
(J) is usually fetal unless affected children 
are kept in protective isolation or the im- 
mime system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLAMdcntical sibling donor 
(2). This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapy have 
been developed, including transplants from 
haploidentical donors (3,4), exogenous en- 
zyme replacement (5), and somatic-cell 
gene therapy (6-9). 

We previously rcponcd a preclinical mod- 
el in which ADA gene transfer and expression 
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successfully restored immune fimaioiu in hu- 
man ADA-deficicnt (ADA~) peripheral 
blood lymphocytes (PBLs) in immunodefi- 
cient mice in vivo (JO, il J. On the basis of 
these preclinical results, the clinical applica- 
tion of gene therapy for the treatment of 
ADA" SCID (severe combined immunodefi- 
ciency disease) patients who previously ^ted 
exogenous enzyme replacement therapy was 
approved by our Institutional Ethical Com- 
mittees and by the Italian National Conuntt- 
ice for Bioethics (J 2). In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to defme 
the relative role of PBLs arxl hematopoietic 
stem cells in the loi\g-tenn reconstitutio& of 
immune fimctioru after retroviral vector-me- 
diated ADA gene transfer. For this puipcsc, 
two structurally identical vectoR expressing 
the human ADA complementary DNA 
(cDNA). distinguishable by the presence of 
alternative restriction sites in a nonfunctional 
region of the viral long-terminal repeat 
(LTR). were used to trarwduce PBLs and bone 
marrow (BM) celb independently. This pro- 
cedure allowed identification of d\e origin of 



